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ORGANIC  COMPOUNDS  IN  THE  EXHAUST  OF  A  J85-5  TURBINE  ENGINE 


INTRODUCTION 


Detailed  information  of  exhaust  hydrocarbons  related  to  fuel  type,  engine 
type,  and  engine  operating  conditions  are  required  to  assess  the  health  and 
environmental  impact  of  aircraft.  The  U.S.  Air  Force  School  of  Aerospace  Medi¬ 
cine  (USAFSAM),  the  Air  Force  Aero-Propulsion  Laboratory,  Wright-Patterson  AFB, 
Ohio,  and  Monsanto  Researcn  Corporation,  Dayton  Laboratory,  Dayton,  Ohio,  con¬ 
ducted  a  cooperative  study  to  investigate  various  techniques  for  the  evaluation 
of  the  hydrocarbon  constituents  associated  with  J85-5  turbine  engine  exhaust. 
Reports  of  previous  studies  have  been  made  (1,  2,  3)  as  well  as  the  Monsanto 
Research  Corporation,  Dayton  Laboratory,  technique  of  subtractive  chromatography 
(4).  This  study  reports  the  analysis  results  of  on-line  exhaust  sampling  with 
the  improved  version  of  the  USAFSAM  cryogenic  trapping  system  (5)  and  the 
USAFSAM  sorption  tube  atmospheric  sample  system  (AF  Invention  No.  12,052;  U.S. 
Patent  No.  4,170,901).  The  collected  samples  were  analyzed  with  a  coupled  gas 
chromatograph-mass  spectrometer-data  system  (6).  This  report  describes  a  test 
conducted  in  January  1978  to  identify  and  quantitate  hydrocarbon  emissions  from 
a  J85-5  turbine  eng.ne  as  a  function  of  fuel  type,  engine  operating  conditions, 
sample  acquisition  system,  and  the  analytical  procedures  employed.  The  J 85- 5 
turbine  engine  is  used  on  Air  Force  aircraft  such  as  the  T-38  trainer  and  the 
F-5. 


SAMPLING 

The  engine  exhaust  was  continously  sampled  from  a  single  spatial  point 
measurement  in  the  exhaust.  The  emission  profile  of  the  J85-5  is  not  flat; 
therefore,  a  carbon  balance  between  the  fuel  and  the  exhaust  emission  was  not 
accomplished.  The  probe  was  located  on  the  exhaust  center  line,  3.75  ft  from 
the  afterburner  nozzle  exit.  Conditioned  exhaust  was  provided  to  the  three  sam¬ 
pling  techniques  as  shown  in  Figure  1.  Cryogenic  sampling  was  initiated  with 
the  engine  operation  stable.  Sample  time  was  15  min  for  the  idle  (46%  rpm) , 
resulting  in  a  collection  of  4.5  liters,  and  45  min  for  the  cruise  (75%  rpm), 
resulting  in  a  collection  of  13.5  liters.  The  sample  conditions  are  reported  in 
Table  1.  The  cryogenic  trapping  system  is  shown  schematically  in  Figure  2.  The 
sample  gas  was  passed  through  the  first  trapping  cylinder  (maintained  at  0°C 
with  ice  water),  through  a  heated  inlet  into  the  second  trapping  cylinder  (main¬ 
tained  at  -78°C  with  pulverized  dry  ice),  and  through  the  final  trap  (maintained 
at  -175°C  with  liquid  nitrogen),  a  needle  valve  for  flow  control,  and  a  flow 
meter.  The  nominal  flow  was  300  cc/min  at  21.1°C  and  760  mm  Hg.  The  flow  was 
maintained  by  the  pressure  of  the  exhaust  from  the  combustor.  The  compounds 
that  will  not  be  trapped  and  concentrated  are  those  with  sufficient  vapor  pres¬ 
sure  at  -175°C  to  remain  in  the  gas  being  processed  by  the  system  (Fig.  3).  In 

addition  to  the  cryogenic  trapping  system  samples,  an  alternate  sample  collec¬ 

tion  was  used.  Samples  were  obtained  with  the  USAFSAM  sorption  tube  atmospheric 
sample  system  (6).  The  conditions  of  sampling  are  presented  in  Table  2.  The 

sorption  sample  tube  is  stainless  steel,  1.27  cm  x  15.24  cm,  and  contains 
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Tenax-GC  (a  porous  polymer  of  2,4-diphenyl-p-phenylene  oxide)  between  doubk 
stainless-steel  screens  at  each  end  of  the  tube.  The  sample  was  obtained  at  1 
liter/min  (Fig.  4). 


EXPERIMENTAL  TEST  PARAMETERS 

A  J85-5  turbine  engine  with  afterburner  was  installed  in  an  engine  test 
cell.  The  engine  was  provided  appropriate  support  equipment  to  simulate  opera¬ 
tion  at  various  conditions.  The  J85-5  engine  was  operated  at  two  different 
power  conditions  which  were  idle  (46%  rpm)  and  cruise  (75%  rpm).  The  46%  and 
75%  rpm  refer  to  the  rpm  of  the  compressor.  The  cruise  condition  is  a  higher 
power  condition  than  the  idle,  but  the  engine  operates  at  a  lower  fuel  to  air 
ratio  (F/A).  This  condition  exists  because  the  efficiency  of  the  compressor 

increases  at  higher  rpm.  The  air  flow  increases  more  than  the  fuel  flow  which 

results  in  a  lower  F/A.  JP-4  fuel  and  a  blend  of  JP-4  fuel  with  sufficient 

Xylene  added  to  produce  a  fuel  with  25.1%  aromatic  content  was  used  (Table  3). 

The  higher  aromatic  content  of  the  fuel  would  simulate  one  of  the  properties 
that  is  expected  to  increase  with  shale-  and  coal -derived  jet  fuels. 


ANALYSIS 

Hydrocarbons  in  the  cryogenic  trapping  samples  and  on  the  sorption  tube 
sample  were  analyzed  with  a  coupled  gas  chromatograph  (Varian  Model  1400)-mass 
spectrometer  (Dupont  Model  21-491 ) -data  system  (Dupont  Model  21-094)  (6).  The 
chromatographic  separation  was  accomplished  with  Porapak  Q  (a  polyal kyl styrene) 
of  100-120  mesh  in  a  3-m  x  3-mm  OD  microbore  (0.7  mm  ID)  stainless-steel 
column.  The  column  was  temperature  programed  at  10°C/min  from  -100 °C  to 
250°C.  The  effluent  from  the  column  was  split  25%  to  a  chromatographic  flame 
ionlzator  detector  (FID)  and  75%  to  the  mass  spectrometer.  Compound  quantita¬ 
tion  was  with  a  Hewlett-Packard  33528  system  for  integration  of  the  chromato¬ 
graphic  FID  peak. area.  Identification  was  from  the  data  system  using  a  Dupont 
library  search  program.  The  library  is  based  on  spectra  of  23,879  compounds 
(7). 


RESULTS  AW  DISCUSSION 

The  analyses  of  the  14  cryogenic  trapping  samples  and  the  13  sorption  tube 
samples  indicated  the  presence  of  231  compounds.  The  compounds  are  listed  in 
Increasing  molecular  weight  by  chemical  class  in  Table  4  for  those  samples 
obtained  with  the  cryogenic  sampling  system  and  in  Table  5  for  those  samples 
obtained  with  the  atmospheric  sorption  tube  samples.  Table  6  compares  the  mean 
values  for  the  samples  presented  in  Tables  4  and  5.  Comparison  was  made  between 
the  sets  of  data  on  the  basis  of  orders  of  magnitude  difference.  If  a  compound 
had  values  in  two  sets  that  were  zero  or  within  the  same  order  of  magnitude  the 
concentration  was  considered  equal.  If  zero  and  trace  values  were  evidenced 
between  two  sets  of  data,  the  concentration  was  considered  as  one  order  of  mag¬ 
nitude  difference.  Using  this  system,  the  most  comparable  sets  of  data  obtained 
by  the  cryogenic  samples  and  the  sorption  tube  method  was  that  at  the  cruise 
engine  power  condition.  At  cruise,  53%  of  the  compounds  were  zero  or  equal,  24% 
were  within  one  order  of  magnitude,  22%  were  within  two  orders  of  magnitude,  and 
only  1%  had  more  than  two  orders  difference  of  magnitude.  The  idle  engine  power 
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condition,  using  the  JP-4  fuel  with  added  Xylene,  has  4 X  of  the  compounds  with 
values  separated  by  more  than  two  orders  of  magnitude.  The  zero  or  equal  order 
of  magnitude  o  'pounds  comprised  52X  which  was  similar  to  the  cruise  condition. 
Eight  percent  of  the  compounds  were  separated  by  more  than  two  orders  of 
magnitude  in  the  idle  power  setting  with  neat  JP-4  fuel.  The  compounds  zero  or 
equal  order  of  magnitude  were  reduced  to  45X.  Idle  and  cruise  engine  power 
conditions  with  the  neat  fuel  gave  65X  and  47%  respectively  for  the  cryogenic 
sampler  and  tube  sampler  with  compounds  equal  to  order  of  magnitude  or  zero. 
Similar  values  were  obtained  in  a  comparison  of  idle  fueled  with  JP-4  neat  (60%) 
and  idle  fueled  with  JP-4  to  which  Xylene  had  been  added  (45%).  The  paraffins 
appeared  in  34X  of  the  polymer  samples  and  36X  of  the  cryogenic  samples.  A 
similar  pattern  appears  in  the  other  classes:  in  the  olefins  16%  in  the 
cryogenic  and  20X  in  the  polymer  samples;  8X  cryogenic  and  67%  polymer  in  the 
diolefins.  For  the  remaining  classes  the  percent  for  the  cryogenic  only  is 
given  first  and  then  the  polymer:  Naphthenes  (10,47),  aromatic  (0,33),  acid 
(0,50),  aldehydes  (27,40),  alcohols  (4,48),  ketones  (29,43),  ethers  (29,14), 
esters  (25,75),  nitrogen  containing  (20,20),  halogen  containing  (50,17),  sulfur 
containing  (100,0),  lactone  (100,0),  and  metal  containing  (0,100). 

Table  7  lists  the  various  compounds  by  chemical  class  present  in  a  particu¬ 
lar  sample.  The  total  carbon  calculated  from  the  analyses  sum  is  different  from 
that  obtained  by  on-stream  analysis  at  Wright-Patterson  AFB,  Ohio.  This  differ¬ 
ence  is  directly  related  to  the  manner  that  summation  of  area  under  the  curve  is 
derived  and  will  exist  until  perfect  separation  of  compounds  can  be  accomplished 
or  a  more  elaborate  method  of  electronic  curve  resolution  is  employed. 


CONCLUSIONS 

Cryogenic  sampling  and  polymer  sorption  sampling  were  used  to  obtain 
exhaust  samples  from  a  J85-5  turbine  engine  at  conditions  of  idle  and  cruise. 
Two  fuels  were  used  which  differed  from  each  other  only  by  addition  of  Xylene. 

1.  Both  cryogenic  sampling  and  polymer  sampling  proved  to  be  effective  and 
reproducible  techniques  for  sampling  gaseous  hydrocarbons. 

2.  The  hydrocarbon  content  of  the  engine  exhaust  was  directly  related  to 
the  F/A  mixture. 

3.  The  number  of  compounds  identified  were  231;  of  these  less  than  half 
were  aromatic  and  oxygenated  species. 

4.  There  Is  an  equivalence  between  the  cryogenic  and  polymer  samples;  how¬ 
ever,  It  appears  that  the  lighter  molecular  weight  materials  are  trapped  more 
efficiently  by  the  cryogenic  system. 

5.  Since  equivalent  results  were  obtained  by  the  polymer  samples  and  its 
logistics  support  Is  considerably  less,  it  is  more  efficient  to  use  the  polymer 
samplers. 


6.  No  appreciable  difference  was  observed  in  the  neat  versus  the  Xylene 
additive  fuel  with  the  exception  of  concentrations  of  Xylene  and  substitute ' 
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J85-5  ENGINE  EXHAUST  GAS  COLLECTION 

SYSTEM 


VENT 


Figure  1.  J85-5  exhaust  gas  collection  system. 


ICE  WATER  PULVERIZED  LIQUID 
DRY  ICE  NITR06EN 


Figure  2.  The  USAFSAM  cryosampl er  gas  flow  path 


Figure  3.  USAFSAM  cryosampl er 
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Sampling  manifold  with  USAFSAM  sorption  tube 
atmospheric  sample  system. 
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Date/time 

18  Jan  1978: 
1400-1415 
1440-1455 
1520-1535 
0945-1000 
1041-1054 


19  Jan  1978: 
1242-1326 
1344-1429 
1446-1530 


20  Jan  1978: 
1054-1109 
1136-1151 
1215-1230 
1303-1318 
1334-1349 
1403-1418 


TABLE  1.  CONDITIONS  WHILE  SAMPLING  WITH 

USAFSAM  CRYOGENIC  SAMPLING  SYSTEM 

Sample  size 

( liters)  Fuel  Engine  condition 


Sample 
set  no. 


4.5 

4.5 

4.5 

4.5 

4.6 


JP-4 

Idle 

JP-4 

Idle 

OP-4 

Idle 

JP-4 

Idle 

JP-4 

Idle 

112 

30 

106 

102 

104 


13.5 

13.5 

13.5 


JP-4  Cruise 
JP-4  Cruise 
jp-4  Cruise 


19 

110 

25 


4.5 

JP-4 

+ 

Xylene 

Idle 

4.5 

JP-4 

+ 

Xylene 

Idle 

4.5 

JP-4 

+ 

Xylene 

Idle 

4.5 

JP-4 

+ 

Xylene 

Idle 

4.5 

JP-4 

+ 

Xylene 

Idle 

4.5 

JP-4 

+ 

Xylene 

Idle 

9 

109 

27 

28 
11 

101 
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Date/time 


TABLE  2.  CONDITIONS  WHILE  SAMPLING  WITH 

USAFSAM  ATMOSPHERIC  SAMPLING  SYSTEM 


Sample  size 
(liters) 


Engine  condition 


Sample  tube 
A  B 


18  Jan  1978: 

1401-1416 

15 

JP-4 

Idle 

14 

70 

1520-1535 

15 

JP-4 

Idle 

67 

39 

1041-1046 

15 

JP-4 

Idle 

2 

5 

19  Jan  1978: 

1242-1252 

21 

JP-4 

Cruise 

47 

56 

1344-1359 

15 

JP-4 

Cruise 

17 

19 

1414-1419 

5 

JP-4 

Cruise 

18 

46 

1446-1451 

5 

JP-4 

Cruise 

32 

61 

20  Jan  1978: 

1054-1059 

5 

JP-4  +  Xylene 

Idle 

55 

57 

1136-1144 

5 

JP-4  +  Xylene 

Idle 

33 

37 

1215-1220 

5 

JP-4  +  Xylene 

Idle 

64 

62 

1303-1308 

5 

JP-4  +  Xylene 

Idle 

35 

43 

1334-1339 

5 

JP-4  +  Xylene 

Idle 

10 

58 

1403-1408 

5 

JP-4  +  Xylene 

Idle 

68 

20 

TABLE  3.  FUEL  PROPERTIES 
JP-4 


Vapor  pressure  @  38°C  2.7 

Initial  boiling  point  (°F)  140.0 

End  point  475.0 

Aromatic  content  (%  vol)  10.0 

Oleflnlc  content  (%  vol)  1.2 

Saturates  content  (%  vol)  8.8 

Net  heat  of  combustion  (Btu)  18,730.0 
Specific  gravity  @  16°C  0.762 


Alternate  fuel  blend 

140.000 

475.000 

25.100 


18,512.000 

0.773 
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3,4-Dimethylhep 
4-Ethyl  heptane 

2- Methyloctane 

3- Hethyloctane 
♦-Methyloctane 


TABLE  4  (Continued) 
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TABLE  4  (Continued) 
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TABLE  6.  A  COMPARISON  Of  THE  MEAN  CONCENTRATION  IN  P1ICROGRAMS  PER  CUBIC  METER 
BETWEEN  POLYMER-TRAPPED  AND  CRYOGENIC-TRAPPED  J85-5  ENGINE  EXHAUST 
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